Survey of NASA research on crash dynamics by Thomson, R. G. et al.
NASA 
Technical 
Paper 
2298 
April 1984 
Survey of NASA Research 
on Crash Dynamics 
Robert G. Thomson, 
Huey D. Carden, 
and  Robert J. Hayduk 
LOAN COPY: RETURN TO 
AFWL TECHNICAL LISRARY 
KIRTLAND AFB, N.M. 87117 
https://ntrs.nasa.gov/search.jsp?R=19840013833 2020-03-21T00:01:58+00:00Z
TECH LIBRARY KAFB, NM 
NASA 
Technical 
Paper 
2298 
1984 
National  Aeronautics 
and  Space Administration 
Scientific  and  Technical 
Information  Office 
Survey of NASA Research 
on Crash  Dynamics 
Robert G. Thomson, 
Huey D. Carden, 
and Robert J. Hayduk 
Langley Research Center 
Hampton,  Virginia 
I 
SUMMARY 
"en  years  of  s t ruc tura l  c rash  dynamics research act ivi t ies  conducted on general  
a v i a t i o n  a i r c r a f t  by the National Aeronautics and Space Administration (NASA) are 
descr ibed.  Thir ty- two ful l -scale  crash tes t s  were performed a t  Langley  Research 
Center,  and pertinent data on airframe and seat  behavior were obtained. Concurrent 
with the experimental  program, analytical  methods were developed t o   h e l p   p r e d i c t  
s t ruc tura l  behavior  dur ing  impact .  The r epor t  i nc ludes  expe r imen ta l  and  ana ly t i ca l  
correlat ions  of   load-l imit ing  subf   loor   and seat c o n f i g u r a t i o n s   t e s t e d   s t a t i c a l l y   a n d  
dynamically. Also included i s  an assessment  of  the effects  of  f l ight  parameters  a t  
impact on cab in  dece le ra t ion  pu l ses  a t  the  sea t /occupant  in te r face ,  load- l imi t ing  
subf loor  and seat conf igu ra t ion  s tud ie s ,  a i rp l ane  sec t ion  t e s t ing  fo r  computer model- 
ing val idat ion,  and emergency-locator- t ransmit ter  (ELT) i nves t iga t ions  to  de t e rmine  
probable  cause  of  fa l se  alarms and nonactivations.  Computer programs were developed 
to  p rov ide  des igne r s  w i th  methods f o r  p r e d i c t i n g  a c c e l e r a t i o n s ,  v e l o c i t i e s ,  a n d  d i s -  
p lacements  of  co l laps ing  s t ruc tures .  Wsts  on t y p i c a l  f u l l - s c a l e  a i r c r a f t  and a i r -  
c r a f t  components were performed to  ve r i fy  the  ana lyses  and  to  demons t r a t e  l oad  a t t en -  
uat ing concepts .  
INTRODUCTION 
Aviat ion crash dynamics research  has  a h i s t o r y  ( f i g .  1 )  d a t i n g  back t o  t h e  p i o -  
neer ing  work of Hugh D e  Haven i n  t h e  1940's. Having survived a mida i r  co l l i s ion  and  
the  ensuing  crash  tha t  caused  three  dea ths ,  De  Haven i n i t i a t e d  r e s e a r c h  i n t o  c r a s h -  
wor th iness  involv ing  on-s i te  inves t iga t ions  of a i r p l a n e  a c c i d e n t s  t o  i d e n t i f y  compo- 
nen t s  and /o r  subsys t ems  con t r ibu t ing  to  in ju r i e s  and /o r  f a t a l i t i e s .  Resu l t s  from 
th is  research  produced  des ign  guide l ines  tha t  are s t i l l  p e r t i n e n t  ( r e f .  1 ) .  'Ihe Ag-1 
c rop -dus t ing  a i rp l ane ,  bu i l t  by Fred Weick a t  "exas A&M College,  incorporated a num- 
be r  of or ig ina l  c rashwor thy  (CW) features  based on pr inciples  espoused by De Haven 
( r e f s .  2 and 3 ) .  These f e a t u r e s  are still found i n  p r o d u c t i o n  a g r i c u l t u r a l  
a i rp lanes .  
Another milestone i n  t h e  p r o g r e s s  of improved s t ruc tura l  c rashwor th iness  of 
a i r c r a f t  is t h e   f i r s t  series of a i r c r a f t  c r a s h / f i r e  tests conducted by the Nat ional  
Advisory Committee for  Aeronaut ics  (NACA) a t  t h e  L e w i s  Research Center i n  1952. 
These tests i d e n t i f i e d  mechanisms which i n i t i a t e  p o s t c r a s h  a i r c r a f t  f i r e s  ( r e f .  4 ) .  
In  1964, the Federal  Aviat ion Adminis t ra t ion (FAA) conducted two fu l l - sca l e  c ra sh  
tests of  t ranspor t  a i rp lanes  a t  t he  F l igh t  Sa fe ty  Founda t ion  f ac i l i t y  i n  Phoen ix ,  
Arizona. One of these tests involved a McDonnell Douglas DC-7 and t h e  o t h e r  a 
Lockheed L-1649. The ob jec t ives  o f  t hese  tests w e r e  ( 1  1 t o  o b t a i n  c r a s h  e n v i r o n -  
mental  data,  ( 2 )  to  s tudy  fue l  conta inment ,  and  ( 3 )  t o  collect d a t a  on the  behavior  
of var ious components and equipment aboard the airplane (refs. 5 and 6). After a 
20-year h i a t u s ,  t h e  FAA is  propos ing  another  fu l l - sca le  t ranspor t  c rash  tes t  t o  be 
conducted in  coope ra t ion  wi th  NASA. This proposal  involves  crashing a remotely 
p i l o t e d   b e i n g  720 i n t o  t h e  ground t o  s imula te  a survivable  crash landing.  
S ince  the  la te  1950's,  the U.S .  Army h a s  b e e n  i n v e s t i g a t i n g  a i r c r a f t  a c c i d e n t s  , 
studying crash injur ies ,  and conduct ing crashworthy research (f ig .  1 ) .  These e f f o r t s  
culminated i n   t h e  Crash Survival Design Guide f i r s t  p u b l i s h e d  i n  1967 and revised in  
1969 ( r e f .  7). The Design  Guide i s  used as a t o o l  f o r  a i r c r a f t  e n g i n e e r s  and 
designers  and represents  a major milestone toward improved crashworthiness i n  mili- 
t a r y  a i r c r a f t .  By r e q u i r i n g  t h a t  Army a i r c r a f t  b e  b u i l t  t o  t h e  Design  Guide require-  
ments ,  he l icopter  c rash  f i res  have  been  v i r tua l ly  e l imina ted ,  and  the  overa l l  
crashworthiness of t h e  Army aircraf t  f l e e t  h a s  b e e n  s u b s t a n t i a l l y  improved. The Army 
Fl ight  Safety and Helicopter Crash Testing Program ( f i g .  1 )  va l ida ted  se lec ted  c rash-  
worthy  design  concepts  (ref.  8). Army in te res t  in  c rashwor th iness  cont inues ,  and  the  
Design Guide w a s  recent ly  updated  on  the  bas i s  of  the  l a tes t  r e sea rch  r e su l t s .  In  
addi t ion ,  a c rashwor thy  u t i l i ty  he l icopter  (Black  Hawk) has  been put  into product ion,  
and production of a c rashwor thy  a t tack  he l icopter  i s  imminent ( r e f s .  9 and 10). 
Advanced materials, in  par t icular  graphi te-epoxy composi tes ,  are being con- 
s ide red  by the  Army €or  fu ture  he l icopter  weight -sav ing  des igns .  The Army has  
embarked on a program to  bu i ld  an  a l l - compos i t e  a i r f r ame  he l i cop te r ,  which still 
requ i r e s  tha t  t he  c ra shwor thy  r equ i r emen t s  app l i cab le  to  metal a i r c r a f t   b e   a p p l i e d   i n  
the  des ign  s tage  ( re f .  1 1 ) .  
In 1972, NASA embarked on a c o o p e r a t i v e  e f f o r t  w i t h  FAA and industry to  develop.  
technology for  improved c ra shwor th iness  in  gene ra l  av ia t ion  a i rp l anes .  The e f f o r t  
included analyt ical  and experimental  s t ructural  concept  development  and involved 
f u l l - s c a l e  c r a s h  t e s t i n g  ( r e f .  1 2 ) .  P r i o r  t o  1972, l i t t l e  f u l l - s c a l e  c r a s h  t e s t i n g  
of general  aviation airplanes had been done, e x c e p t  f o r  some high-wing, single-engine 
tests performed by NACA i n  1952 and a c rash  t e s t  program involving two twin-engine 
airplanes performed by Aviation Safety Engineering and Research (AVSER) i n  1964-65 
f o r   t h e  U.S. Army. (See refs.   13  and  14).  The Langley   fu l l - sca le ,   f ree- f l igh t   c rash  
s imulat ions examined the response of t he  a i rp l ane  s t ruc tu re ,  seats, and  anthropomor- 
ph ic  dummies t o  real is t ic  crash  dece lera t ion  pulses .  Def in i t ive  da ta  tha t  cannot  be  
obtained by inves t iga t ing  f i e ld  acc iden t s ,  such  as t h e  impact a t t i t u d e  and ve loc i ty ,  
c r a sh  fo rces ,  and dummy acce le ra t ions ,  were o b t a i n e d  i n  t h e s e  c r a s h  tests. 
The gene ra l  av ia t ion  c ra sh  dynamics program i s  being completed, and attention i s  
being focused on  commercial t r anspor t  a i rp l anes .  It i s  recogn ized  tha t  t he re  are  
s igni f icant ly  fewer  numbers of acc idents  of t r anspor t  a i rp l anes  than  o f  e i the r  gen- 
e r a l  av ia t ion  a i rp l anes  o r  mi l i t a ry  he l i cop te r s ,  neve r the l e s s  t he  in t roduc t ion  of t h e  
wide-body jumbo j e t  w i t h  p a s s e n g e r  complements of 300 t o  400 p resen t s  t he  po ten t i a l  
f o r  s u b s t a n t i a l  loss o f  l i f e  o r  i n j u r i e s  i n  a s ing le  acc ident .  Fur ther ,  the  use  of  
new advanced materials d i c t a t e s  t h a t  e f f o r t s  c o n t i n u e  i n  s a f e t y  r e s e a r c h  t o  enhance 
o c c u p a n t  s u r v i v a b i l i t y  i n  t h e  e v e n t  o f  a crash.  With the  cont inued  technica l  
advances i n  a n a l y t i c a l  p r e d i c t i v e  methods and experimental  methods, many t o o l s  are 
becoming a v a i l a b l e  f o r  u s e  by t h e  a i rc raf t  des igner  in  address ing  the  c rash  response  
c h a r a c t e r i s t i c s  of f u t u r e  a i r c r a f t .  
The purpose of t h i s  r e p o r t  i s  t o  h i g h l i g h t  t h e  r e s e a r c h  a c t i v i t i e s  i n  c r a s h  
dynamics t h a t  have been actively pursued a t  the Langley Research Center  for  the past  
10  years ;  these  inc lude  fu l l - sca le  c rash  tes t ing ;  seat, occupant ,  and restraint  sys-  
tem simulat ion;  load at tenuat ing subfloor  and seat concepts; and emergency-locator- 
t r ansmi t t e r  ac t iva t ion  s tud ie s .  
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SYMBOLS 
fo rce  
frequency 
2 
9 
k 
m 
S 
t 
At 
V 
AV 
.. 
‘a 
*a, max 
xa 
.. 
.. 
z 
.. 
Z 
.. 
‘a 
.. 
Z a, max 
acce le ra t ion  due  to  g rav i ty  
spr ing   cons tan t  
mass 
s l ide-out  d i s tance  
time 
pulse  dura t ion  
ve loc i ty  of a i r p l a n e  
change i n  v e l o c i t y  
long i tud ina l  dece le ra t ion  in  a i rp l ane  Xa-axis,  xa/g, g u n i t s  
maximum longi tudina l  dece lera t ion ,  g u n i t s  
l ong i tud ina l  dece le ra t ion  in  a i rp l ane  x,-axis 
normal ( v e r t i c a l )  g r a v i t y  a x i s  
v e r t i c a l   i n p u t   a c c e l e r a t i o n  
normal (ve r t i ca l )   dece le ra t ion   i n   a i rp l ane   Za -ax i s ,   z a /g ,  g u n i t s  
maximum normal deceleration, g u n i t s  
.. 
.. 
Z normal ( v e r t i c a l )   d e c e l e r a t i o n  i n  a i rplane  za-axis  
a 
Y f l igh t -pa th   angle   o f   a i rp lane  a t  impact 
6 displacement 
r; damping r a t i o  
e p i t ch   ang le   o fa i rp l ane   a t   impac t  
I.1 c o e f f i c i e n t   o f r i c t i o n  
w natural   frequency 
Subscripts:  
f P   f l i g h t   p a t  
max  maximum 
P peak 
Z Z-axis i n   g rav i ty   sys t em 
3 
1 assoc ia ted   wi th  major longi tudina l  impact 
2 a s soc ia t ed   w i th   s l i de -ou t   d i s t ance  
Abbreviations: 
Acce 1 
cw 
c. g. 
DOF 
DRI 
E/A 
ELT 
FAA 
F.S. 
GA 
LaRC 
acce le ra t ion  
crashworthy 
center  of  grav i ty  
degrees of freedom 
dynamic response index 
energy absorber 
emergency loca to r  t r ansmi t t e r  
Federal Aviation Administration 
f u s e l a g e  s t a t i o n  
genera l  av ia t ion  
Langley Research Center 
FULL-SCALE CRASH TESTING 
Fu l l - sca l e  c ra sh  t e s t ing  i s  performed a t  the Langley Impact Dynamics Research 
F a c i l i t y  shown i n  f i g u r e  2. This f a c i l i t y  i s  the  former  Lunar  Landing  Research 
Fac i l i t y  mod i f i ed  fo r  f r ee - f l i gh t  c r a sh  t e s t ing  o f  full-scale a i r c r a f t  s t r u c t u r e s  a n d  
s t r u c t u r a l  components  under  controlled t e s t  cond i t ions  ( r e f .  15 ) .  The basic  gantry 
s t r u c t u r e  i s  73 m (240 f t )  high and 1 2 2  m (400 f t )  long and i s  supported by t h r e e  
sets of  incl ined legs  spread 81 m (267 f t )  a p a r t  a t  the ground and 20 m (67 f t )  apart 
a t  t h e  66-m (218-f t )  level .  A movable bridge with a pul lback winch f o r  r a i s i n g  t h e  
t es t  specimen spans the top and traverses the length of the gantry.  
Test  Method 
The a i r c r a f t  is  suspended from the top of the gantry by  two swing cables and i s  
drawn back above the impact  surface by a pullback cable.  An umbi l ica l  cab le  used  for  
da t a  acqu i s i t i on  is  also suspended from the top of the gantry and connects  to  the top 
o f  t he  a i r c ra f t .  The t e s t  sequence is  i n i t i a t e d  when t h e  a i r c r a f t  is  released from 
the  pu l lback  cab le  to  pe rmi t  t he  a i r c ra f t  t o  swing  pendulum s t y l e  onto the impact 
su r f ace  a s  shown schematical ly  i n  f i g u r e  3. The swing cables  are  separated from the 
a i r c r a f t  by explosive devices j u s t  p r io r  t o  impac t  t o  f r e e  i t  from r e s t r a i n t .  The 
umbi l i ca l  cab le  r ema ins  a t t ached  to  the  a i r c ra f t  fo r  da t a  acqu i s i t i on ,  bu t  i t  a l s o  
sepa ra t e s  by explosive devices before it becomes tau t  dur ing  s l ide-out .  The separa- 
t i o n  p o i n t  is  he ld  re la t ive ly  f ixed  near  the  impact  sur face  , and the f l ight-path 
angle  i s  ad jus ted  from Oo t o  45O by changing the length of the swing cable. The 
he igh t  of t he  a i rc raf t  above the impact surface a t  release determines the impact 
4 
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v e l o c i t y ?  which can be varied up t o  26.8 m/sec (60 mph). The movable bridge allows 
the  pu l lback  po in t  t o  be  pos i t i oned  a long  the  gan t ry  t o  in su re  tha t  t he  pu l lback  
cab le s  pass through the center of gravity and act  a t  90° t o  t h e  swing cables. 
To ob ta in  f l i gh t -pa th  ve loc i t i e s  i n  excess  o f  26.8 m/sec (60 mph), a ve loc i ty  
augmentation method w a s  devised which used wing-mounted r o c k e t s  t o  a c c e l e r a t e  t h e  
t es t  specimen on i ts  downward swing. Two o r  more mlcon  rockets  were mounted symmet- 
r i c a l l y  a t  each engine nacel le  locat ion and provided a t o t a l  t h r u s t  of up t o  
77  850 N (1  7 500 l b f  ). The a i r c r a f t  i s  r e l eased  a f t e r  rocke t  i gn i t i on .  The rockets  
burn during most of t he  downward acce le ra t ion  t r a j ec to ry  bu t  bu rnou t  p r io r  t o  impac t .  
The velocity augmentation method p rov ides  f l i gh t -pa th  ve loc i t i e s  of 26.8 t o  
44.7 m/sec (60 t o  I00 mph) depending upon the  number and burn time of the rockets.  
Instrumentation 
Data acquis i t ion  f rom fu l l - sca le  c rash  tests is accomplished with onboard s t r a i n  
gages and accelerometers? and with extensive photographic coverage with low-, 
medium-, and high-speed cameras  both inter ior  and exter ior  t o  the  aircraft. The 
location and frame rate of the cameras are d i s c u s s e d  i n  d e t a i l  i n  r e f e r e n c e  15. %e 
strain-gage accelerometers (range of 25% and  750s a t  0 t o  2000 H z )  are  the pr imary 
d a t a - g e n e r a t i n g  i n s t r u m e n t s  a n d  a r e  p o s i t i o n e d  a t  v a r i o u s  l o c a t i o n s  i n  the  fuse lage  
t o  measure a c c e l e r a t i o n s  i n  t h e  normal ,  longi tudina l ,  and  t ransverse  d i rec t ions  to  
the  aircraft   axis.   Instrumented  anthropomorphic dummies (National Highway Tra f f i c  
Safety Administration 50th percentile? Hybrid 11, P a r t  572, r e f .  7) were  onboard f o r  
a l l  f u l l - s c a l e  a i rcraf t  t e s t s  conducted a t  Langley. The dummy r e s t r a i n t  system 
arrangement and type of restraint  varied from tes t  t o  test. 
Correlation of Crash Data With Flight Parameters a t  Impact 
Langley crash test  data.- A typical  twin-engine? general  aviat ion airplane crash 
tes t  i s  shown i n  f i g u r e  4 a t  impact  for  a fl ight-path angle of -30°,  a p i t c h  a n g l e  of 
-30°, and an impact velocity of 26.8 m/sec (60 mph). A photographic sequence of this 
t e s t  is  i l l u s t r a t e d  i n  f i g u r e  5. Figure  5(b) shows c o n d i t i o n s  j u s t  p r i o r  t o  i m p a c t  
fo l lowed   i n   f i gu re   5 (c )  by crushing  of  the  nose radome. (See   a l so   f ig .  4. ) The 
photograph i n  f i g u r e  5 ( d )  shows the engine making contac t  and  d igging  in to  the  impact 
surface.  The i n i t i a l  movement of the  dummy occupant, as seen  through  the window (bu t  
n o t  r e a d i l y  v i s i b l e  i n  t h i s  s e q u e n c e ) ,  o c c u r s  i n  f i g u r e  5 ( d ) .  Shown i n  f i g u r e  5 ( e )  
a r e  t h e  wing t i p s   l y i n g   f l a t  on the impact surface and the cabin deformation? which 
r e s u l t e d   i n   t h e  window b reakage  ad jacen t  t o  the  f i r s t  pas senge r  and the door popping 
open. Figure 5(h)  shows t h e  slapdown  of  the a f t  cabin sect ion with pronounced skin 
buckling behind the door.  Typical normal- and longitudinal-deceleration pulse  shapes 
(with t r iangle  approximations) ,  similar t o  t h o s e  i n  f i g u r e  6, w e r e  n o t e d  f o r  t h i s  
- 3 O O  tes t  as w e l l  as f o r  numerous o the r  gene ra l  av ia t ion  a i rp l ane  c ra sh  tests con- 
d u c t e d  i n  t h e  c r a s h  dynamics program (refs.  16 through 22) .  
Other crash t es t  da ta . -  Representa t ive  dece lera t ions  for  a t r a n s p o r t  a i r p l a n e  
and a f i g h t e r  a i r p l a n e  are shown in . f igu res  7 (a )  and  (b ) ,  r e spec t ive ly  ( r e f s .  23 
through 25). The same t r i angu la r -dece le ra t ion  pu l se  i s  n o t e d  i n  t h e s e  a i r p l a n e  c r a s h  
tests as i n  t h e  g e n e r a l  a v i a t i o n  a i r p l a n e s ;  h m e v e r ?  t h e  d u r a t i o n  of the pulses i s  
general ly  longer  as a r e s u l t  o f  t h e  h i g h e r  v e l o c i t i e s  a n d  g r e a t e r  s t r u c t u r a l  c r u s h i n g  
d is tances  ava i lab le  to  d iss ipa te  the  impact  energy .  Dura t ions  are bas i ca l ly  between 
0.15 and 0 . 3  s e c  as compared with 0.15 sec o r  less f o r  t h e  g e n e r a l  a v i a t i o n  a i r p l a n e  
( r e f s .  20 and  21). The da ta  f rom the  cont ro l led  c rash  tests of these var ious air- 
5 
planes are summarized i n  t a b l e  I . The f l igh t -pa th  angle ,  p i tch  angle ,  and  f l igh t -  
pa th  ve loc i ty  are g iven  for  each  test. The nominal values of t h e  r o l l  a n d  yaw angles  
(not  included)  were essent ia l ly  zero  wi th  the  except ion  of  tests 9, 10, FAA-2, and 
FAA-3, which were tests wi th  p lanned  ro l l  and/or  yaw angles .  Also p r e s e n t e d  i n  
t a b l e  I are the experimental  normal  and longi tudinal  pulse  data  (i.e.,  maximum 
decelerat ion,   pulse   durat ion,   veloci ty   change,   and  impulse) .   Qlculated  impulse  and 
veloci ty  changes are  included for  the normal  direct ion pulse  data .  
Impulse calculations.-  The calculated impulse and velocity changes for both 
normal  and longi tudinal  direct ions were obtained from expressions derived from a 
s impl i f i ed  ana lys i s  of t h e  complex crash scenario based on impulse-momentum r e l a t i o n -  
s h i p s  ( r e f .  26). Assumptions  were made which uncoupled the analytical  expressions 
f o r  t h e  normal and longitudinal airplane impulses.  These impulses were expressed i n  
terms of f l igh t -pa th   ve loc i ty  Vfp, p i tch   angle  8, f l igh t -pa th   angle  y, and  accel- 
e r a t i o n  of g rav i ty  g as   fol lows:  
For the normal crash pulse approximation 
r za, max 
0 
AtP 
At t 
Time. sec 
t he  impulse-momentum r e l a t i o n s h i p  i s  
and when in tegra ted  and  s impl i f ied  i s  
2v 
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.. f P  
A t  = - 'a, max s i n  y cos 8 
For the longitudinal crash pulse approximation 
I- *a, max 
A t p  At tl t 
Time, sec 
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t h e  impulse-momentum r e l a t i o n s h i p  i s  
and when in tegra ted  and  s impl i f ied  i s  
Crash decelerat ion pulse  data  f rom table  I are p l o t t e d  i n  f i g u r e  8 f o r  comparison 
wi th  the  s impl i f ied  ana lys i s .  
Figure 8 shows normal impulse 
.. 
'a , max A t  p l o t t e d  as a funct ion of t h e  v e r t i c a l  
change i n  v e l o c i t y  on a log-log scale.  Lines on t h e  c h a r t  r e p r e s e n t  a n a l y t i c a l  
r e s u l t s  f o r  t h r e e  assumed crash impulse shapes: a t r iangular  shape ,  a ha l f - s ine  wave 
shape,  and a rec tangular  wave shape. Symbols represent  experimental   data.   Experi-  
m e n t a l  r e s u l t s  c l u s t e r  n e a r  t h e  l i n e  f o r  a n  assumed t r iangular -dece lera t ion  pulse .  
The lower cluster  (ZaImax A t  = 1.5) i s  d a t a  f o r  g e n e r a l  a v i a t i o n  tests a t  a f l i g h t -  
pa th   angle  y of -1 5O. The middle   c lus te r  ( Z a r m a x  A t  = 2.5) i s  d a t a  f o r  g e n e r a l  
a d a t i o n  tests a t  a f l igh t -pa th   angle  y of - 3 O O .  The upper   c lu s t e r  
('a,rnax 
c ra sh  tests, with the exception of two tests i n t o  d i r t ,  were onto  a concrete  surface,  
whereas  the t ransport  tests were i n t o  a d i r t  embankment. In  spite o f  t hese  d i f f e r -  
ences ,  the  c rash  pulse  da ta  cor re la te  reasonably  wel l  wi th  the  ana ly t ica l  p red ic t ion  
for  the  t r iangular  pu lse  assumpt ion .  
A t  = 4.5) i s  d a t a  f o r  t r a n s p o r t  a n d  f i g h t e r  tests. The gene ra l  av ia t ion  
Figure 9 presents   the  longi tudinal   impulse xarmax A t  p l o t t e d  a g a i n s t  t h e  
ve loc i ty  change p a r a l l e l  t o  t h e  a i r p l a n e  l o n g i t u d i n a l  a x i s ,  which i s  expressed i n  
terms of the impact velocity and slide-out parameters.  Analytical  curves are shown 
i n  t h e  f i g u r e  f o r  a t r iangular -dece lera t ion  pulse ,  a half  -sine pulser and a rectangu- 
lar  pulse. Although the longitudinal-pulse data i n  f i g u r e  9 show  somewhat g r e a t e r  
s c a t t e r  t h a n  t h e  c r a s h  d a t a  n o r m a l  t o  t h e  a i r p l a n e  ( f i g .  8) , the  t rend  i s  bas i ca l ly  
a long  the  ana ly t i ca l  cu rve  fo r  t he  t r i angu la r  pu l se  shape  wi th  some da ta  nea r  t he  
ha l f - s ine  ana ly t ica l  curve .  As was t r u e  f o r  t h e  c r a s h  d a t a  n o r m a l  t o  t h e  a i r p l a n e ,  
t h e  l o n g i t u d i n a l  d a t a  o b t a i n e d  f r o m  t h e  t r a n s p o r t  c r a s h  t e s t s  i n t o  t h e  d i r t  embank- 
ments a l s o   f a l l  on the same a n a l y t i c a l  c u r v e  a s  t h e  g e n e r a l  a v i a t i o n  c r a s h  tes t  
r e s u l t s .  Note t h a t  t h e  r a n g e  of agreement between the analytical  and experimental  
longi tudina l  c rash  da ta  involves  a t  l e a s t  a n  o r d e r  of magnitude on both the velocity 
change and impulse scales. 
.. 
Slide-out  dis tance.-  The hor izonta l  s l ide-out  d i s tance  fo l lowing  the  major 
impact is  a parameter of importance in  a s ses s ing  the  long i tud ina l - impu l se  da t a .  
S l ide-out  d i s tances  were determined for most of the NASA data.  The velocity change 
AV2 which occurred during the s l ide-out  i s  p r e s e n t e d  i n  f i g u r e  1 0  as a funct ion of  
the   s l ide-out   d i s tance .  The AV2 values  were determined from t h e  known f l igh t -pa th  
velocity  and  the  measured AV1 va lues   dur ing   the  major impact. As s h a m  i n  f i g -  
u r e  10, the bulk of the  s l ide-out  d i s tances  l ies  a l o n g  t h e  l i n e  f o r  p = 0.42. 
Several  low d a t a  p o i n t s  are t h e  r e s u l t  of t he  a i rp l ane  s l id ing  on ly  on the nose 
s t ruc ture  and  ro l l ing  on  the  main gear  dur ing  the  s l ide-out  per iod .  The average 
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value of p of approximately 0.42 inc ludes   s l ide-out   d i s tances  on concrete ,   asphal t ,  
and  grassy  sur faces  (gear  re t rac ted  or  broken  of f ) .  
Applications.- The crash  tes t  parameters inc luded  in  these  da t a  do  no t  encompass 
a l l  c rash  scenar ios .  However, t h e  d a t a  are bel ieved t o  adequately represent  the 
ser ious  but  po ten t ia l ly  surv ivable  genera l  av ia t ion  a i rp lane  c rash  s i tua t ion .  These 
da ta  can  be  usefu l  in  a number of appl ica t ions  where in  e i ther  reasonable  estimates 
can be made of the magnitude and duration of a crash pulse  f rom postcrash analysis  or  
f l i gh t  pa rame te r s  a t  impact can be assumed from which the various impulse-momentum 
relat ionships  can be evaluated.  For ins tance ,  it i s  f r equen t ly  poss ib l e  to  ob ta in  
reasonable  es t imates  of a number of c rash  parameters ( in  the  absence  of f l i g h t  
recorder  da ta )  by examining the crash s i te  and the airplane involved.  An assessment 
of t he  damage pat tern and crushing of  the airplane can indicate  the most probable 
impact  a t t i tude such as f l igh t -pa th  angle  and  p i tch  angle .  An evaluat ion of  the 
c r u s h  p a t t e r n  t r a n s f e r r e d  t o  a f i g u r e  which  has  s ta t ion  re ference  l ines  may a l s o  g i v e  
es t imated  f l igh t -pa th  angle  and  p i tch  angle  as  w e l l  as the  s t ruc tu ra l  c rush  d i s t ance .  
Probable impact velocity can be assumed and a measurement of the  s l ide-out  d i s tance  
can  be made. With th i s  in format ion  and  the  impulse-momentum re la t ionships ,  reason-  
able values  of a number of  crash  parameters  can be calculated.  (See refs .  26 
and 27.) For  assumed f l i gh t   pa rame te r s  a t  impact ,   e i ther  Z can  be  calculated  for  
var ious  assumed c rush  d i s t ances ,  o r  conve r se ly ,  fo r  an  assumed o r  d e s i r a b l e  Z t he  
requi red  e f fec t ive  c rush  d is tance  can  be  computed.  For longi tudina l  dece lera t ions ,  
t h e  e f f e c t s  of various velocity changes on the  s l i de -ou t  d i s t ance  can  be determined. 
Human to le rance  cons idera t ions . -  In te rpre ta t ion  of the experimental  and analyt-  
i c a l  r e s u l t s  f o r  t h e  c r a s h  h a t a  s h o u l d  i n v o l v e  human tolerance considerat ions.  (&e  
ref .   28) .  In Eiband  curves  (ref.  29) f o r  human to l e rance ,  pe r t inen t  human and  animal 
experiments  appl icable  to  impact  forces  were analyzed, compared, and presented on the 
b a s i s  of a t rapezoidal  pulse .  For  example, f i g u r e  1 1  p resents  the  maximum magnitude 
and time duration limits f o r  headward accelerations based on the duration of uniform 
a c c e l e r a t i o n  f o r  a t rapezoida l  pu lse .  The lower  curve  of  figure 11 represents  the  
area of  uninjured,  undebi l i ta ted exposures  that  have been endured by  human volunteers  
i n  c a t a p u l t  seat experiments. The top curve shows da ta  for  an imal  exposures  to  
f o r c e s  t h a t  were survivable  with moderate  injury.  me central  curve (shaded band)  i s  
t h e  assumed safe  des ign  limit f o r  e j e c t i o n  s e a t  performance. This band w a s  es tab-  
l i shed  from s t a t i c  compressive s t rength of  cadaver  ver tebrae loaded to  f racture  
point .  The conclusion from these tests of the  ver tebrae  was t h a t  203 of 0.005- t o  
0.5-sec duration can be tolerable. These da ta  are o f t e n  r e f e r e n c e d  f o r  a i r c r a f t  
c r a s h  s t u d i e s  i n  c r a s h e s  where the major forces compress the spine and may cause 
s p i n a l   i n   j u r i e s .  
I n  addi t ion  to  the  Eiband curves ,  a number of i nd ices  ( r e f .  30) are u t i l i z e d  i n  
a s ses s ing  human to le rance  t o  various crash loadings.  One such index is the  dynamic 
response index, which i s  a one-degree-of-freedom, damped s p r i n g  mass model of t he  
upper  torso (spine)  shown i n  f i g u r e  12 .  The index is  the  maximum response accelera-  
t i o n  i n  g u n i t s  from inpu t s  t o  t h e  s p i n a l  model,  which has a natural  f requency w of 
approximately 52.9 rad/sec  and a damping r a t i o  of  0.224, derived  from U.S. Air 
Force  experiments  (ref.  31). 
In  f igure 13, the dashed l ine with the symbols represents the percentage proba- 
b i l i t y  o f  sp ina l  i n ju ry  as a function of D R I  based upon i n - t h e - f i e l d  e j e c t i o n  s e a t  
experience  (ref.   30).  The so l id  cu rve  r ep resen t s  r e su l t s  from  experiments  using 
cadavers. ?he D R I  curve shows reasonably good co r re l a t ion  fo r  t he  t r apezo ida l  ejec- 
t i o n  seat pulses ,  whereas  the cadaver  resul ts  indicate  a h igher  probabi l i ty  of i n ju ry  
than  the  ope ra t iona l  da t a  fo r  a given DRI.  
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To e s t a b l i s h  a p o s s i b l e  c o r r e l a t i o n  between the normal impulses from the crash 
da ta ,  t he  Eiband curve, and D R I  w e r e  determined for various pulse shapes (ramp t r i a n -  
g l e ,  symmetric t r iangle ,  abrupt  leading-edge t r iangle ,  t rapezoidal ,  half  -s ine,  and 
rectangular  wave) having a constant amplitude of 20g but  a range of pulse durations 
between  0.005 t o  0.48 sec. The r e s u l t s  a r e  s h a m  i n  f i g u r e  1 4  as t h e  r a t i o  of D R I  t o  
i n p u t  p l o t t e d  a s  a function of the impulse 2 A t ,  which produced the responses for 
the various pulse shapes.  For instance,  consider the 2% t r apezo ida l  pu l se  which 
r e s u l t s  i n  a m p l i f i c a t i o n  of t h e  i n p u t  a t  values of impulse greater than 0.9 and 
rapidly reaches ratios of e s s e n t i a l l y  1.5 a t  an impulse value of approximately 1.5. 
The t r i angu la r  pu l se s ,  on  the  o the r  hand ,  a r e  ju s t  beg inn ing  to  be  ampl i f i ed  a t  t h e  
same impulse value of 1.5. For f u r t h e r  c l a r i f i c a t i o n  of pulse shape amplification, 
see reference  28. 
From a d i f f e ren t  pe r spec t ive ,  fo r  t he  same v e r t i c a l  v e l o c i t y  change as the  t rap-  
ezoidal  pulse ,  the t r iangular  pulses  (with. .approximately the same durat ion as the  
t r apezo ida l  pu l se )  would have a value of Z A t  approximately twice t h a t  of the  t rap-  
ezoidal  pulse ,  but  because of less severe amplif icat ion (above A t  = 0.07 sec) , t he  
D R I  values are comparable i n  many cases. S ince  the  dura t ions  for  most  of t he  da t a  
analyzed from the tests, representa t ive  of  severe  but  po ten t ia l ly  surv ivable  c rashes ,  
were general ly  greater  than 0.05 sec  and  t r i angu la r  i n  shape ,  it appears  tha t  the  use  
of data based on t r apezo ida l  pu l se s  would n o t  b e  r e a l i s t i c  f o r  e v a l u a t i n g  human t o l -  
e r ance  in  a i rp l ane  c ra shes  bu t  are more representa t ive  of e ject ion seat  performance.  
AIRCRAFT SUBFLOOR RESPONSE TO CRASH LOADINGS 
Experimental  Studies 
The development of s t r u c t u r a l  c o n c e p t s  t o  limit the  load  t ransmi t ted  to  the  
occupant  has  been  s tudied  as  par t  of t he  c ra sh  dynamics research conducted a t  LaRC i n  
de t e rmin ing  c ra sh  loads  and  iden t i fy ing  s t ruc tu ra l  f a i lu re  mechanisms d u r i n g  a i r c r a f t  
crashes.  The objec t ive  of t h i s  r e s e a r c h  i s  to  a t t enua te  the  load  t r ansmi t t ed  by a 
s t r u c t u r e  e i t h e r  by modifying the structural assembly, changing the geometry of i t s  
e lements ,  o r  adding  spec i f ic  load- l imi t ing  devices  to  he lp  d iss ipa te  the  k ine t ic  
energy .  Recent  e f for t s  in  th i s  a rea  a t  LaRC have concentrated on the development of 
crashworthy subf loor systems. !these subfloor systems provide a high-strength 
s t r u c t u r a l  f l o o r  p l a t f o r m  t o  r e t a i n  t h e  s e a t s  a n d  a crushable  zone to  absorb energy 
and l i m i t  v e r t i c a l  l o a d s  by s t roking  ( re f .  32) .  
The concept  of  s t roking and avai lable  s t roke i s  paramount i n  determining the 
load  a t t enua t ing  capab i l i t i e s  of d i f f e r e n t  d e s i g n  a p p r o a c h e s  i n  a i r c r a f t  component 
design. Shown i n  f i g u r e  1 5  are three load attenuating zones which exist  between an 
occupant and the impact sur face  dur ing  ver t ica l  descent :  the  landing  gear ,  the  fuse-  
l age  f loo r  s t ruc tu re ,  and  the  a i r c ra f t  seat. Landing-gear  s t roking during ful l -scale  
t e s t i n g  of a i r c r a f t  w a s  of l imited value for  energy diss ipat ion al though useful  in  
he l i cop te r  c r a sh  dynamics.  For an upward human acce le ra t ion  to l e rance  of 25g 
( r e f .  3 3 ) ,  a re la t ionship  be tween s t roke  and  ver t ica l  descent  ve loc i ty  can  be  
e s t a b l i s h e d  f o r  a cons t an t  s t rok ing  dev ice  wh ich  fu l ly  s t rokes  in  less than the 
maximum time allowable (0.1 0 sec) f o r  human tolerance.  This re l a t ionsh ip  is  
i l l u s t r a t e d  i n  f i g u r e  15. For a condition of a cons tan t  25g dece le ra t ion  s t roke ,  t he  
maximum ve loc i ty  dec rease  fo r  t he  s t rok ing  ava i l ab le  i s  12.2 m/sec (40  fps )  fo r  t he  
seats (assuming 30-cm (12-in.)  stroke) and 8.2 m/sec (27  fps )  fo r  t he  sub f loo r  
(assuming 15-cm (6-in. ) s t roke ) .  For a combination of stroking seat and s t roking 
subf loor ,  the  maximum veloc i ty  decrease  becomes  15.2  m/sec (50  fps ) .  These v e r t i c a l  
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sink rates are comparable t o  t h e  U.S. Army Design Guide recommendations f o r  
crashworthy seat des ign  ( re f .  3 3 ) .  
The importance of providing as much s t r o k i n g  d i s t a n c e  as poss ib le  i s  v iv id ly  
i l l u s t r a t e d  i n  f i g u r e  16. Figure 16(a)  i s  a n  o v e r a l l  v i e w  of a twin-engine airplane 
that crashed on August 30, 1978, s h o r t l y  after takeoff from the North Las Vegas Air- 
p o r t ,  Nevada, k i l l i n g  a l l  10  people aboard. An i n t e r i o r  v iew of  the  a i rp lane  a f te r  
t h e  seats have been removed is  shown i n  f i g u r e  1 6 ( b ) .  As may be noted i n  t h i s  f i g -  
u re ,  t he  f loo r  i s  very wavy, seat rails are broken ,  and  f loor  s t ruc ture  i s  crumpled 
unde r  the  f ron t  l egs  a t  the  seat loca t ions .  These cond i t ions  a re  ind ica t ive  of t he  
h igh  loads  t ransmi t ted  to  the  seats and  occupants  th rough the  re la t ive ly  s t i f f  f loor  
s t ruc tu re .  As i l l u s t r a t e d  i n  f i g u r e  1 6 ( c )  , t h e  i n t e r s e c t i o n s  of  the longi tudinal  
beams and the la teral  bulkheads i n  t h e  f l o o r  form "hard points" or columns, which are 
very  e f f ic ien t  load  pa ths  f rom the  underbe l ly  of t h e  a i r p l a n e  t o  t h e  s e a t  rails. 
Consequent ly ,  any  crushing  of  the  f loor  tha t  might  occur  in  a c rash  s i tua t ion  proba-  
b ly  w i l l  be a t  too severe a l eve l  fo r  occupan t  su rv ivab i l i t y .  Thus, the  need  ex is t s  
f o r  s t r u c t u r a l  d e s i g n s  wh ich  a l low fo r  con t ro l l ed  s t ruc tu ra l  co l l apse  to  abso rb  
energy and t o  limit t h e  v e r t i c a l  l o a d s  t o  human to l e rance  l eve l s  ove r  a s  much d i s -  
tance  as  poss ib le .  
A number of subfloor specimens with various load-limiting concepts were con- 
s t r u c t e d  a t  LaRC and  tes ted  s ta t ica l ly  and  dynamica l ly  to  eva lua te  the i r  per formance  
(ref. 32) .  These subf loors, shown i n  figure 1 7, were designed t o  provide a high- 
s t r e n g t h  s t r u c t u r a l  f l o o r  p l a t f o r m  t o  r e t a i n  t h e  s e a t s  b u t  w i t h  a crushable  zone to  
absorb energy and limit ver t ica l  loads .  Exper imenta l  s ta t ic  load-def lec t ion  da ta  and  
dynamic dece le ra t ion  r e sponse  da t a  fo r  t he  f ive  sub f loo r s  i nd ica t ed  tha t  t he  h igh -  
s t r e n g t h   f l o o r   p l a t f o r m   p e r f o r m e d   w e l l   i n   t h a t   s t r u c t u r a l   i n t e g r i t y   a n d   r e s i d u a l  
s t r e n g t h  w a s  maintained throughout the loading cycle. The da ta ,  shown i n  f i g u r e  1 8 ,  
a l s o  i n d i c a t e d  t h a t  some of the subfloor crush zones were more e f f ec t ive  than  o the r s  
in  providing near ly  constant  load (on a lead  mass represent ing  an  occupant )  for  a 
range of displacements. Two of the  more promising concepts ,  that  is, notched corners 
only and the corrugated beams wi th  notched  corners ,  were  se lec ted  for  fur ther  
e v a l u a t i o n  i n  f u l l - s c a l e  c r a s h  tests. An airplane equipped with a notched corner 
subfloor  i s  i l l u s t r a t e d  i n  f i g u r e  19. The c u r r e n t  f u l l - s c a l e  c r a s h  tes t  assessment 
of these subfloor concepts shows a s ign i f i can t  r educ t ion  in  cab in  dece le ra t ions  ove r  
the  unmodified  subf  loor. 
Analy t ica l  S tudies  
A finite-element computer program DYCAST (refs. 34 and 35) w a s  used i n  a s i m -  
p l i f ied and economical  manner t o  model t he  complex nonlinear response of t h e   a i r c r a f t  
subf loor  sec t ions  to  c rash  loads .  F igure  20  i l l u s t r a t e s  t h e  f i n i t e - e l e m e n t  i d e a l i z a -  
t ion  used  in  apply ing  the  DYCAST computer program t o  the subfloor  having a corrugated 
beam with notched corners. Only ha l f  t he  s t r u c t u r e  i s  modeled to  take advantage of  
symmetry of t he  s t ruc tu re .  The s e a t  t r a c k s  a n d  s t i f f e n e r s  of t he  f loo r  p l a t fo rm are 
modeled as beam elements;  the f loor  skin,  as t r i a n g u l a r  membrane elements; and the 
s t ruc ture  benea th  the  f loor  p la t form,  by f ive  nonl inear  spr ings  a t  t h e  f l o o r  beam- 
frame intersect ions.  Stat ic  load-deflect ion data  were used to  character ize  the non- 
l inear  crush zone of  the subfloor .  The c a p a b i l i t y  of DYCAST t o  accurately analyze 
the load-l imit ing subfloors  was v e r i f i e d  by comparisons between experimental and 
analyt ical  response data  of  a r i g i d  l e a d  mass representing an occupant.  Good corre-  
l a t i o n  was indicated between the predicted decelerat ion magnitude and durat ion and 
the  lead  mass (occupant )  exper imenta l  responses  for  the  subf loors  in  which the  s ta t ic  
deformation mode closely approximated the dynamic deformation behavior as i s  shown i n  
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f i g u r e  21 f o r  the corrugated beam with notched corner subfloor.  For o ther  subf loor  
conf igura t ions ,  as shown i n  f i g u r e  22,  the comparisons were good o n l y  f o r  t h e  i n i t i a l  
peak deceleration and l imited subsequent response where the s t a t i c  and dynamic defor- 
mation modes corresponded. 
The ana lys is  and  cor re la t ion  wi th  exper imenta l  resu l t s  have  shmn the  usefu lness  
of s t a t i ca l ly  de t e rmined  c rush  da ta  fo r  dynamic ana lys i s ;  however, t h e  r e s u l t s  a l s o  
ind ica t e  tha t  t he  ana lys t  mus t  exe rc i se  ca re  and  have  some a s s u r a n c e  t h a t  t h e  s t a t i c  
deformation behavior w i l l  approximate the dynamic deformation behavior. 
SEAT  RESPONSE TO CRASH LOADINGS 
Experimental Studies 
In  load-l imit ing seat design, the concepts of available stroke are paramount i n  
de t e rmin ing  the  load  a t t enua t ing  capab i l i t i e s  o f  d i f f e ren t  des ign  conf igu ra t ions .  
Consider an idealized man/seat model cons i s t ing  of a two-mass system connected by 
nonl inear  spr ings with viscous damping as follows: 
6 m k , 5  m k Man Man/cushion Seat Seat 
Input fl 
The occupant response t o  a spec i f ic  input  a t  the  sea t  base  can  be  ampl i f ied ,  as 
i l l u s t r a t e d  i n  t h e  f o l l o w i n g  s k e t c h ,  i f  t h e  s t i f f n e s s  of t h e  seat and associated 
fundamental  frequencies are of t h e  same order  as  the  input  forc ing  f requency:  
50 - Real i s t ic  occupan t  r e sponse  
I n p u t  t o  seat  b a s e  
D e c e l e r a t i o n ,  
g u n i t s  25  
- 
Des i red  occupan t  r e sponse  
T i m e ,  sec 
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This  undesirable  amplif icat ion w a s  observed experimentally when t e s t i n g  seats 
dynamically, as i n  tests conducted a t  CAM1 (FAA C i v i l  AeroMedical I n s t i t u t e ) ,  by 
us ing  a tes t  s led.  (See ref.  36.)  With t h i s  dynamic seat tes t  s l e d ,  d i f f e r e n t  s e a t  
configurat ions were s tud ied  t o  de termine  the i r  response  charac te r i s t ics .  The s e a t s  
and  res t ra in t  sys tems were dynamically loaded by 50th percentile,  Hybrid 11, anthro- 
pomorphic dummies instrumented with accelerometers. 
Time h i s t o r i e s  of dummy pe lv i s  acce le ra t ions  were recorded during two d i f f e r e n t  
impact loadings as shown i n   f i g u r e  23 with the dummy i n s t a l l e d   i n  a s t anda rd  sea t  and  
i n  a ceiling-suspended,  load-limiting seat. For the   "ver t ica l"   impulse   ( f ig .   23(a)  ), 
t he  seats and dummy were pos i t i oned  to  impac t  a t  a pitch angle (angle between dummy 
sp ine  and  d i rec t ion  of s l e d  t r a v e l )  of -3OO and a r o l l  angle  of IOo. In the " longi-  
tud ina l"  pu lse  ( f ig .  23(b)  ), t h e  s e a t s  were yawed 30° t o  t h e  d i r e c t i o n  of s l e d  
t rave l .  The s l e d  p u l s e s  a r e  a l s o  i n c l u d e d  i n  t h e  f i g u r e  a n d  r e p r e s e n t  t h e  a x i a l  
impulse  imparted t o  t h e  i n c l i n e d  dummies.  The X- and Z-axes of the dummy a r e  l o c a l  
axes  perpendicular  and  para l le l  to  i t s  sp ine ,  respec t ive ly .  The f i g u r e  shows t h a t  
for  both impact  condi t ions the load-l imit ing seat general ly  provided a s izable  reduc-  
t i o n  i n  pelvis accelerat ion over  those recorded during similar impacts us ing  the  , 
s t anda rd  sea t .  In  con t r a s t ,  t he  s t anda rd  sea t  exh ib i t s  ampl i f i ed  acce le ra t ion  l eve l s  
ove r  t hose  inpu t  t o  the  s l ed  as it decelerated.  
Load d i s s i p a t i n g  seats with proper res t ra ints  can be designed to  provide a mea- 
Sure of load reduction by s t roking .  Ver t ica l  s t roking  of  genera l  av ia t ion  seats is  
more c r i t i c a l  t h a n  h o r i z o n t a l  s t r o k i n g  from the  a l lowable  human to le rance  s tandpoin t  
and deserves  considerable  a t tent ion s ince l i t t l e  c rushab le  s t ruc tu re  i n  t h e  v e r t i c a l  
d i r e c t i o n  is  ava i l ab le  i n  most subfloor structures of single-engine general  aviation 
a i rp lanes .  The concept  of  vertical-stroking,  f loor-supported  passenger seat is  shown 
i n  f i g u r e  24. The energy  absorb ing  sea t  i s  composed of two four-bar linkages i n  
p a r a l l e l .  The f l o o r  i s  the f ixed bar ,  the seat  pan the top bar ,  and the front  and 
rear l egs  the  o the r  two bars.  A l oad  l imi t e r  was a t tached  on each side diagonally 
between t h e  s e a t  p a n  r e a r  l e g  j o i n t  and t h e  f l o o r  f r o n t  l e g  j o i n t .  The load  l imi t e r ,  
shown i n  f i g u r e  25, absorbed energy by bending a w i r e  o v e r  r o l l e r s  i n  a t r o l l e y .  The 
t r o l l e y  is  a t t a c h e d  t o  a p i n  between t h e  r e a r  l e g  a n d  t h e  s e a t  pan. During s e a t  
s t rok ing ,  t he  t ro l l ey  fo rced  the  w i r e  loop along the wire.  ?he s t a t i c  l o a d -  
de f l ec t ion  cu rve  fo r  t he  load  l imi t e r  i s  shown i n  f i g u r e  26 f o r  two s p e c i f i c  tests. 
V e r t i c a l  d r o p  t e s t s  of th i s  ver t ica l - s t roking ,  load- l imi t ing  seat were performed i n  a 
tes t  apparatus shown i n  f i g u r e  27. The t e s t  a p p a r a t u s  c o n s i s t s  of a la rge  cy l in-  
d r i c a l  s e c t i o n  w i t h  wedges a t t a c h e d  t o  t h e  tes t  appara tus  to  shape  the  "crash"  pulse  
upon impact  in to  a bed  of glass beads.  The cyl inder  can be r o t a t e d  r e l a t i v e  t o  t h e  
wedges to  vary  the  vec tor  inputs .  The f loo r  in s ide  the  cy l inde r  cons i s t ed  of an  
aluminum p l a t e  mounted  on a th ick  plywood board. The plywood w a s  used t o  i s o l a t e  t h e  
t e s t  specimens from the high-frequency ringing of the tes t  vehicle.  The load- 
l i m i t i n g  seat w a s  mounted  on the  aluminum pla te .  A SOth-percentile, Hybrid 11, 
anthropomorphic dummy w a s  used throughout  the tes ts  and w a s  r e s t r a i n e d   t o   t h e   s e a t  
with a four -poin t  res t ra in t  shoulder  harness  and  lap  be l t .  The tes t  r e s u l t s  from a 
ve r t i ca l  d rop  tes t  a t  Oo p i t c h  a t t i t u d e  a r e  shown i n  f i g u r e  27. (See ref .  36. ) 
The  raw v e r t i c a l  f l o o r  a c c e l e r a t i o n  d a t a  a n d  t h e  f i l t e r e d  20-Hz da ta  are shown 
i n  t h e  t o p  p l o t  of the  f igure .  The f i l t e r e d  f l o o r  a c c e l e r a t i o n  d a t a  p e a k e d  a t  379 
with a pulse  durat ion of  0.07 sec. This ve r t i ca l  acce le ra t ion  pu l se  c lose ly  approx i -  
mates the normal pulse obtained from NASA crash  tes t  18  ( tab le  I). The f i l t e r e d  
v e r t i c a l  a c c e l e r a t i o n  measured a t  the  seat  pan reached 15g, as shown i n  t h e  s e c o n d  
p lo t ,  and  the  acce lera t ion  remained  cons tan t  for  about  0.04 sec, then peaked a t  179 
before diminishing t o  Og. The t o t a l  p u l s e  d u r a t i o n  w a s  0.1 0 sec. The load-l imit ing 
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seat was demons t r ab ly  e f f ec t ive  in  a t t enua t ing  the  ve r t i ca l  pu l se  t r ansmi t t ed  to  the  
seat t o  a human-tolerable value. 
The seat pulse  superimposed on the f loor  pulse  is shown i n  t h e  t h i r d  plot. The 
relative magnitude and duration of the pulses can readily be seen. The pe lv i s  acce l -  
e r a t i o n  d a t a  were l o s t  and  the  ches t  da ta  were analyzed instead. The normal c h e s t  
acce le ra t ion  w a s  f i l t e r e d  a t  180 H z  and i s  shown i n  t h e  l a s t  p l o t .  An average accel-  
e r a t i o n  of 15g with a pulse  dura t ion  of 0.094 s e c  was obtained. A 3% spike  i s  shown 
i n  t h e  a c c e l e r a t i o n  t r a c e .  The sp ike  i s  more not iceable  when compared with the 
smooth traces of t he  f loo r  and  sea t  pu l se s  because  it w a s  f i l t e r e d   a t  180 Hz, whereas 
the  f loor  and  seat acce le ra t ions  were f i l t e r e d   a t  20 Hz. The spike has  an equivalent  
frequency of 50 H z  and would have been considerably attenuated by f i l t e r i n g  a t  20 Hz. 
Analyt ical  Studies  
Analyt ical  effor ts  have been directed toward developing a good mathematical 
model t h a t  w i l l  a id  in  des ign ing  load - l imi t ing  sea t s .  In  earlier s tud ie s ,  computer 
program MSOMLA (Modified Seat Occupant Model fo r  L igh t  Aircraft)  was used t o  s i m u l a t e  
the  occupant  response  to  a fu l l - sca l e  c ra sh  by using a simplified one-dimensional 
non l inea r  sp r ing  fo r  t he  sea t  ( r e f .  36 ) .  However, when a more soph i s t i ca t ed  seat 
model w a s  needed t o  model the f loor-mounted load-l imit ing seat ,  the  DYCAST computer 
code (refs .  34 and  35) was chosen. The seat-occupant model u sed  fo r  t he  ana lys i s  of 
the  Oo pitch,  12.8 m/sec v e r t i c a l  d r o p  t e s t  i s  shown i n  f i g u r e  28. The model i s  of 
necess i ty  a hybrid model cons i s t ing  of f in i te  e lements  and  nonl inear  spr ings  wi th  the  
s p r i n g  c h a r a c t e r i s t i c s  s p e c i f i e d  i n  t a b u l a r  form. I n  t h i s  model, the  w i r e  bending 
load limiter, s h o u l d e r  h a r n e s s ,  l a p  b e l t ,  s e a t  back s t i f fnes s ,  and  pelvis s t i f f n e s s  
are modeled as nonl inear  spr ings.  The occupant consists of three masses connected by 
p i n  j o i n t e d  beams. The motion of the pelvis mass i s  followed by node 3 of t h e  p e l v i s  
spr ing ,  which i s  r e s t r i c t e d  by m u l t i p o i n t  c o n s t r a i n t s  t o  move along the seat  pan.  
The s e a t  i s  modeled by using beams w i t h  t h e  s e a t  mass d i s t r i b u t e d  a t  the  nodes. The 
s e a t  and  occupan t  a re  g iven  an  in i t i a l  ve r t i ca l  ve loc i ty  o f  12.8  m/sec. The exper i -  
mental  decelerat ion pulse  was i n p u t  by applying a time-dependent stopping force t o  
node 1 ,  which represents  the mass of the  t es t  vehicle .  The stopping force corre-  
sponded t o  t h e  t r i a n g u l a r  d e c e l e r a t i o n  p u l s e  shown with a peak deceleration of 36.5g, 
t h e  p u l s e  s t a r t i n g  a t  time 0.02 sec  wi th  a duration of 0.076 sec ,  which corresponds 
t o  a t y p i c a l  v e r t i c a l  c a b i n  p u l s e  i n  a severe  but  po ten t ia l ly  surv ivable  genera l  
aviat ion  crash.   (See  table  I. ) 
DYCAST was used with the Newmark Beta time integrat ion technique with an average 
time step of 1 x 1 0-4 sec.  The problem executed i n  a b o u t  1 4  min  on a CD@ CYBER 175 
computer system t o  s imula te  0.1 0 sec of real time. The comparison of the DYCAST 
model da t a  wi th  the  Oo p i t ch  expe r imen ta l  ve r t i ca l  d rop  tes t  d a t a  f o r  t h e  seat  pan 
and  ches t  acce le ra t ions  i s  shown i n  f i g u r e  29. With the  excep t ion  o f  t he  in i t i a l  
ve r t i ca l  ches t  dece le ra t ion  sp ike ,  t he  compar i son  shows o v e r a l l  good agreement 
between the model and the experimental  data.  A t  t h e  t o p  of f i g u r e  29 are th ree  com- 
puter  graphics  drawings of  the seat  and occupant  posi t ions a t  times 0, 0.05, and 
0.10 sec. From t h e  p l o t  of t h e  s e a t  p o s i t i o n  a t  time 0.05 sec, it i s  appa ren t  t ha t  
f o r  t h e  Oo p i t c h  v e r t i c a l  d r o p ,  t h e  seat back sp r ing  i s  compressed a s  t h e  seat  moves 
forward. A t  t h i s  time, the  lap b e l t  and  shoulder  harness become slack. Ekperi- 
mentally,  the dummy rebounded and loaded the belts a t  t i m e  0.14 sec. 
Comparison of DYCAST predictions and experimental measurements of peak accelera- 
t ions  and  seat s t r o k i n g  are g i v e n  i n  t a b l e  11. The wire bending energy absorber 
s t roke  w a s  measured to be 17.5 c m  (6.9 in. ), whereas DYCAST s l igh t ly  unde rp red ic t s  
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a t  16.5 c m  (6.5 in. ). T o t a l  a v a i l a b l e  w i r e  bending s t roke i s  approximately 29 c m  
( 1  1.5 i n .  ). Forward a n d  v e r t i c a l  seat  s t r o k e  a l s o  compared q u i t e  w e l l  w i th  the  
experimentally measured values. 
In  summary, t h e  DYCAST computer model has proven t o  be ve ry  use fu l  fo r  de t a i l ed  
modeling of load-limiting seats with a hybr id  f in i t ee l emen t  approach .  S ince  the  
model i s  general ,  the  developer  i s  f r e e  t o  start  with a simple seat and occupant and 
t o  i n c r e a s e  t h e  s o p h i s t i c a t i o n  as needed f o r  t h e  t a s k  a t  hand. Further development 
of  the occupant  with tors ional  spr ings,  a more real is t ic  spine,  and even multiple 
seats and occupants i s  being contemplated. 
EMERGENCY LOCATOR TRANSMITTER TESTS 
A s ide  i ssue ,  and  an  in te res t ing  one ,  has  resu l ted  f rom the  work on c ra sh  
dynamics reported t o  t h i s  p o i n t ;  t h a t  i s s u e  i s  a s tudy of problems associated with 
t h e  emergency locator t ransmi t te r .  Genera l  av ia t ion  a i rp lanes  have ,  s ince  the  
1970gs ,  been  requi red  to  car ry  an  ELT t o  e x p e d i t e  t h e  l o c a t i o n  of c rashed  a i rp lane  by 
au tomat ica l ly  ac t iva t ing  and  t ransmi t t ing  a d i s t r e s s  s i g n a l  i n  t h e  e v e n t  o f  a crash.  
However, a high rate of nond i s t r e s s  ac t iva t ion  and  f a i lu re s  t o  a c t i v a t e  i n  a c ra sh  
s i t u a t i o n  have  severe ly  l imi ted  the  usefu lness  of  these  poten t ia l ly  l i fe -sav ing  
devices.  Suspected sources of t h e  problem,  according t o  a r ecen t  NTSB review 
( r e f .  37 ) ,  are improper mounting and/or mounting location i n  t h e  a i r p l a n e ,  s h o r t  
c i r cu i t s ,   v ib ra t ion   s ens i t i v i ty ,   ba t t e ry   f a i lu re s ,   and   an tenna   l oca t ion .  I a R C  has  
a s s i s t e d  t h e  FAA and industry through Radio Tkchnical Commission for  Peronaut ics  
(RTCA) Spec ia l  Committee 1 36 t o  s t u d y  i n  d e p t h  t h e  ELT problems and t o  seek 
so lu t ions .  (See r e f s .  38  and  39.) 
LaRC demonstrated ELT senso r  ac t iva t ion  problems by mounting a sampling of ELT 
specimens i n  f u l l - s c a l e  c r a s h  t e s t  a i r p l a n e s  a n d  i n  t h e  t es t  appara tus  used  for  
dynamic seat  t e s t i n g ,  which i s  f u l l y  d e s c r i b e d  i n  a previous sect ion.  The tes t  appa- 
r a t u s  is  shown i n   f i g u r e  30 w i t h  a n  a c t u a l  a i r p l a n e  t a i l  s e c t i o n  mounted i n  i t s  
i n t e r i o r .  The ELT as mounted i n  t h e  t a i l  s ec t ion  r ep resen t s  a t y p i c a l  mounting loca- 
t i on  in  gene ra l  av ia t ion  a i rp l anes .  Dece le ra t ions  a t  t he  base o f  t he  a i rp l ane  sec- 
t ion,  responses of the bulkheads and webs,  and the response of the  ELT are recorded 
a long  wi th  ac t iva t ion  o r  no  ac t iva t ion  s igna l s .  
The tes t  apparatus  permits an extension of tes t  d a t a  on ELT's acquired during 
c rash  tests of  fu l l - s ize  a i rp lanes  a t  t he  Langley Impact Dynamics Research Facil i ty.  
For  example, t h e  d a t a  i n  f i g u r e  31 are a comparison of  the longi tudinal  decelerat ion 
on an  ELT i n  a fu l l - sca l e  c ra sh  tes t  with a s imula t ed  c ra sh  pu l se  in  the  tes t  r i g .  
A s  i n d i c a t e d  i n  t h e  f i g u r e ,  b o t h  t h e  c h a r a c t e r i s t i c  s h a p e  of t h e  f a i r e d  c r a s h  p u l s e  
and  s t ruc tura l  resonances  are reproduced by t h e  tes t  appara tus  ( re f .  40) .  
Evaluation of tes t  r e s u l t s  h a s  i n d i c a t e d  t h a t  one of the ELT performance prob- 
lems is  t h e  v i b r a t i o n  s e n s i t i v i t y  o f  t h e  ELT i n e r t i a  s w i t c h e s  o r  s e n s o r s  shown a t  t h e  
t o p  r i g h t  o f  f i g u r e  32. In t h e  f i g u r e ,  t h e  r a t i o  of r e s p o n s e  t o  i n p u t  f o r  a commer- 
c ia l  sensor  i s  p lo t ted  aga ins t  f requency .  Data ind ica t e  tha t  t he  r e sonan t  f r equen-  
cies of most commercial sensors f a l l  w e l l  in to  the  range  of  f requencies  of l o c a l  
s t r u c t u r a l  v i b r a t i o n s  t h a t  e x i s t  on l i g h t  a i r p l a n e s .  On the  o the r  hand ,  t he  fre- 
quency range of crash pulses which need t o  be  de tec ted  i s  on the lower end of the 
frequency spectrum. Thus, t he  senso r s  are o f t en  too  r e spons ive  to  the  loca l  s t ruc -  
tu ra l  v ibra t ions .  This  undes i rab le  sens i t iv i ty  can  cause  unwarranted  ac t iva t ions  in  
some cases o r  may prevent  the  sensor  f rom ac t iva t ing  the  ELT i n  a c r a s h  s i t u a t i o n  
because the on-off-on-off response can prevent the sensor from activating. 
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A suggested improvement f o r  a sensor  is  a l s o  shown i n  f i g u r e  32. By designing 
the  sensor  t o  have a much lower resonant frequency, the switch can s t i l l  d e t e c t  t h e  
low-frequency crash pulse but w i l l  a t tenuate  the  h igher  f requencies  of v ib ra t ion  
because of the inherent behavior of the response of the sensor.  An experimental 
sensor  with a lower resonance has been tested and found to possess the desirable 
p rope r t i e s  as i l l u s t r a t e d  i n  t h e  f i g u r e  by the dashed l ine.  
CONCLUDING REMARKS 
Resul ts  of  the tes t ing,  observat ions,  assessments ,  and f indings presented herein 
i n d i c a t e  t h a t  c r a s h  dynamics is becoming a workable discipline.  This is  n o t  t o  imply 
t h a t  r e s e a r c h  i n  c r a s h  dynamics, o r  spec i f i ca l ly  in  gene ra l  av ia t ion  c ra sh  dynamics ,  
has been completed. It d o e s  i n d i c a t e  t h a t  enough data have been gathered and enough 
successful simplified analyses have been conducted t o  encourage thinking of crash 
dynamics  design as an emerging, workable discipline. The approach of using selective 
t e s t ing  coup led  wi th  suppor t ive  ana lys i s  t o  assess preliminary design concepts of 
crash dynamics is  feas ib le  and ,  wi th  prac t ice ,  can  become a workable design method- 
ology. Specific comments r e l a t i v e  t o  t h e  g e n e r a l  a v i a t i o n  c r a s h  dynamics research  
surveyed i n   t h i s   p a p e r  are as follows: 
1.  m11-sca l e  a i r c ra f t  t e s t ing  has  p roduced  iden t i f i ab le  r ep resen ta t ive  f loo r  
pulses.  mese f loo r  pu l se s  can  be  r e l a t ed  to  the  f l i gh t  pa rame te r s  a t  impact with 
uncoupled, simple impulse-momentum re l a t ionsh ips  which lend themselves to such appli-  
cat ions,  as  postcrash analysis  and comparisons with human to le rance  da ta .  
2. Load-limiting subfloor concepts were developed that feature a strong upper 
f l o o r  c o n f i g u r a t i o n  t o  r e s i s t  o v e r t u r n i n g  seat moments and a c rushable  subf loor  tha t  
d i s t r ibu tes  the  loads  evenly  across  the  fuse lage .  S ta t ic  crush tests of s impl i f i ed  
components tha t  charac te r ize  the  nonl inear  load-def lec t ion  behavior  of the crushable  
elements of the subfloor are used i n  mathematical models t o  p r e d i c t  dynamic behavior. 
The s ta t ic  tes t s  should  produce  co l lapse  mechanisms s imi l a r  t o  those  expec ted  
dynamically . 
3. Load-limiting seat concepts were developed that help reduce the loads trans- 
mit ted from the  a i r f rame to  the  occupant .  The multiple-degree-of-freedom s e a t /  
occupant/restraint  systems can produce dynamic a m p l i f i c a t i o n  f a c t o r s  t h a t  s i g n i f i -  
cant ly  increase occupant-experienced loads i f  the seats are r e l a t i v e l y  s t i f f  w i t h  
high  fundamental  frequencies. Computer s imula t ions  of  load- l imi t ing  sea ts  capi ta l ize  
on knowing the  s t a t i c  c r u s h  c h a r a c t e r i s t i c s  of t h e  component s e a t   s t r u c t u r e   t o   h e l p  
predict  mathematically the dynamic behavior of the seat /occupant / res t ra int  system 
response. 
4. Data from crash tests a t  the Langley Research Center indicate that the long- 
i tudinal  crash environment  imposed on emergency loca to r  t r ansmi t t e r s  (ELT's) i n  c r a s h  
s i t u a t i o n s  is  bas i ca l ly  a low-frequency loading pulse; however, high amplitude, 
h igher  f requency  loca l  s t ruc tura l  resonances  are superimposed on the crash pulse. 
Impact sensors  typ ica l  o f  those  used  in  ELT's w e r e  found t o  b e  t o o  s e n s i t i v e  t o  t h e  
s t r u c t u r a l  v i b r a t i o n s .  A low-frequency switch design w a s  found t o  have  des i rab le  
r e s p o n s e  c h a r a c t e r i s t i c s  i n  t h a t  it is s e n s i t i v e  t o  low-frequency crash pulses and i s  
less s e n s i t i v e  t o  h i g h e r  f r e q u e n c i e s  i n  t h e  r a n g e  of l o c a l  s t r u c t u r a l  v i b r a t i o n s .  
5. The methods and concepts developed i n  t h e  g e n e r a l  a v i a t i o n  c r a s h  dynamics 
program are being examined and evaluated t o  d e t e r m i n e  t h e i r  a p p l i c a b i l i t y  t o  a cur- 
r e n t  t r a n s p o r t  c r a s h  dynamics  program. The t r anspor t  program f a c i l i t a t e s  t h e  i n t e -  
15 
gra t ion  of c rashwor thy  s t ruc tura l  des ign  concepts  in to  t ranspor t  des ign  methods and 
considers   a i r f rame,   seat ,   f loor ,   fuel   tanks,   and  landing-gear   behavior .   %e  research 
e f f o r t s  i n  t he  gene ra l  av ia t ion  program a re  expec ted  to  make poss ib l e  fu tu re  a i rp l ane  
design concepts  having enhanced survivabi l i ty  under  specif ied crash condi t ions with 
little o r  no increase  i n  weight and having acceptable costs.  
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
March 16, 1984 
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T A B L E  I.- SUMMARY O F  DATA  FROM  CONTROLLED  CRASH TESTS OF A I R P L A N E S  
( a )  Experimental and calculated normal pulse parameters 
a n g l e ,  y ,  deg 
F l i g h t - p a t h  
-1 6 
-1 5 
-18.75 
-1 6 
-20.5 
-47.5 
-30 
-1 6 
-1 8 
-31 
i t c h  a n g l e ,  
0 ,  deg 
-1 2 
-1 8 
4 
-19.5 
1 4  
-47.25 
-31 
-1 3 
-1 4 
-27 
~~ ~ 
E x p e r i m e n t a l  n o r m a l  p u l s e  p a r a m e t e r s  
F l i g h t - p a t h  
C a l c u l a t e d  n o r m a l  p u l s e  p a r a m e t e r s  
I I I I 1 
!!.2 1 1 o~~~~ 1 ::4 1 iiii I 1.63 1 .49 
26.1 
8.42 
7.44 
8.59  1.70 
12 .87   25   12  .1 32  1.58  2.34
7.25 
27.8 
13.5 
1.44 
2.43  2.36 
26.3 
21.1 3.48  2.92 
2 7   1 8  
28.6  20 
7.44 
9.1 4  1.76 
.110  10.4  1.98  1.47 
6.99  1 .42 
0.1 74  20.73 
.135 1 3  
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1 2  -1 5  9  25 
1 3  4 1 5  -16.75  -29 -1 26  1.75 3 .7  25 “ T ” : ” : ” . ” ~ ~ I  1;: 9.42 
1 6  
12.67 
10.35 
- 1  8 
-1 5 -4  40  46  .054  15  2.48 
-1 2 41 46  .064  17 2.94  2.53 
2.11 
3.22 20.0 
2.34  13.5 
1.38  6.99 
6.99 
1 8  
1 7  -30 -38  40  42  0.097  19 
27.9 27.2  .083 11.3 
1 9  -1 5  -17.7  27 1 6  .l 2  10.6 
20 -1 5.4  2  26.6 31  .057 9.1 
21  -30  -29.5  27.1  29.9  .096  12.3  2.07  2.39  13.5 
-30 -3  1 
4.07 
2.26 
1.92 
1.77  1.43 
FAA- 1 -32  -30  25 21 0.1  20 
FAA- 2 -1 7 -13.5 7 
FAA-3 
23 .1 6 0  
-34.5  -39 25.9 
FAA- 4 -32  -34.5  25.3 1 8  .1 3 
11  .52 2.34  13.24 
6  1.12 1.33  6 .72 
14.8  2.34 2.25  13.41 
1 8  .12 13.8 2.2 2.33  14.7 
F i g h t e r  (ref. 25 ) -1 8 
-22 -22 
-27  -27 
-1 8 
50 
50 
50 37.5 4.1 3 22.7 
48.7  11.4  0 .25  12 11 .8  
0.1 42 
3.0 
18.73 4.26 3.54 
15.45 
T r a n s p o r t  (ref.23) 
-27 -27 
-1 4 -14 
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2.85 
.2 1 
2.33 
w a n s p o r t  ( re f .  24) 
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Cub t y p e  ( r e f .  13 ) 
18.8  -55 
-55 
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a V a l u e s  i n  t h e  c o c k p i t .  
bValues  a t  t h e  c.g. 
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TABLE I.- Concluded 
(b) Experimental  longi tudinal  pulse  parameters  
I lse p a r a m e t e r s  .ona i  E x p e r i m e n t a l  1 
Maximum 
d e c e l e r a t i o r  
:a,maxr g un' 
t u d i n a l  
P u l s e  
l u r a t i o n ,  
A t ,  sec 
PU 
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-18.75 
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-47.5 
-1 6 
-30 
-1 8 
-31 
-1 5 
-29 
-1 6.75 
-18 
-1 5 
-30 
-30 
-1 5.4 
-1 5 
-30 
-32 
-1 7 
-34.5 
-32 
a n g l e ,  
P i  tci- 
8, des  
-1 2 
-1 8 
4 
-19.5 
1 4  
-47.2F 
-31 
-1 3 
-1 4 
-27 
9 
-26 
-1 1.7: 
-1 2 
-4 
-38 
-31 
-17.7 
2 
-29.5 
-30 
-13.5 
-39 
-34.5 
- 
T e s t  p l i g h t - p a t b  
v e l o c i t y ,  
r fp ,  m/sec 
2 1  
27 
26.2 
26.1 
27 
28.6 
26.3 
27 
27 .8  
25 
25 
2 5  
32.7 
4 0  
41 
4 0  
21.9 
26.6 
27 
27.1 
25 
23  
25.9 
25.3 
5 0  
5 0  
50 
48.7 
48.7 
57.7 
26.8 
21 
18.8 
V e l o c i t y  
A V l ,  m/sec 
c h a n g e ,  
z ( re f .  261 
3 
4 
5 
6 
1 
8 
9 
1 0  
11 
1 2  
1 4  
1 3  
1 6  
1 5  
1 8  
1 7  
1 9  
20  
21 
FAA-1 
FAA- 2 
FAA- 3 
FAA- 4 
1 9  
1 8  
7 
8 
0.06 
.044 
. lo1 
.1 1 0  
6 
5 
4.3 
3.1 
1  .14 
.l 9 
.7 1 
.86 
0.144 
.1 1 0  
.1 38 
4.6;  6.8; 5 
6 
17.7 
1 .27 
1.76 
3.86 
1 6  
8 .8 
28 
4 
11 
1 6  
1 2  
22  
15 .2  
5.5 
6.4 
1 4  
~ 
22  
1 7  
4 5  
3.5 
(b) I (c 
7.1 
19.2 
8 
8.4 
9.0 
9.6 
11.4 
25.2 
18.4 
22  
0.060 
.093 
.058 
.062 
1 .2 
5 
5 
4 
0.24 
1.02 
.9 3 
.144 
0.068 
.090 
.088 
.OS2 
.1 1 2  
1 0  
8.2 
4 
1 .9  
10.5 
1.5 
1.37 
.4 8 
.333 
1.57 
0.110 
.060 
.1 3 
.1 0 
.13 
__ 
0.21 
.36 
0 . 2 3 5  
.23 
.23 
.24 
.14 
0.19 
.224 
.24 
8 
1.5 
1 2  
21.5 
7.6 
29.3 
2.42 
.21 
2.21 
4.5 
11.1 
1.5 
6.9 
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-27 
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-27 
-1 4 
-6 
-1 8 
-27 
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-1 4 
- 2 7  
-6 
-55 
-55 
-55 
r a n s p o r t  ( r e f .  2 4 )  
F.S. 1165  9.5 
9.5 
9.5 
9.5 
9.5 
1.88 
1.93 
2.07 
2.3 
1.6 
F.S. 923  
F.S. 685  c.g. 
F.S. 460 
F.S. 1 9 5  
!ub type ( re f .  13) -55 
-55 
-55 
27 
18.8 
21 
4.92 
4.93 
4.42 
a n a l y s i s ;  a n d  9 is t a k e n  f r o m  f i l m  a n a l y s i s .  
a T h e   v a l u e   4 . 6   i n d i c a t e s   s l i d e - o u t   ( s e e   e q .   ( 2 1 ) ) ;  6.8 d e n o t e s   t h e   a v e r a g e  of f i l m  a n d  s l i d e - o u t  
b V a l u e s  i n  t h e  c o c k p i t .  
CValuns a t  t h e  c.q. 
:2 1 
TABLE I1 . . FLOOR-MOUNTED LOAD-LIMITING SEAT COMPARISONS OF EXPERIMENTAL 
AND ANALYTICAL RESULTS 
Impact parameters: 
Vertical  velocity. m/sec ( f t / sec)  ....................................... 12.8 (42)  
gmax 
A t .  sec ..................................................................... 0.076 
Pitch. deg ...................................................................... 0 
........................................................................ 36.5 
Vertical   drop  test  DYCAST mode 1 
E/A stroke. cm ( i n  . ) ........................ 17.5 (6.9) 16.5  (6.5) 
Forward seat  stroke.  cm ( i n  . ) ............... 13.5 (5.3) 12.7 (5.0) 
Vertical  seat  stroke. cm ( i n  . ) .............. 14.5  (5.7) 13.2 (5.2) 
Accelerations. body axes. g u n i t s .  fo r  . 
Chest.  forward (af ter   spike)  .............. 
Chest. ver t ical  (af ter  spike)  ............. 
Seat pan. forward ......................... 
Seat pan. ver t ica l  ........................ 
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21 
17 
16 
20 
19 
22 
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1940' s 
CW PIONEER 
1950's 
~~ 
Ag-1 CROP DUSTER 
FI RST  CW AIRPLANE 
( 1950 1 
CRASH  FIRE TESTS 
1960's 
I ( 1 9 6 4 )  1 DC-7 AND L-1649 CRASH TESTS (FAA ) 
1970's  1980's 
HELICOPTER 
I 
NASA LANGLEY I 
DESIGN  GUIDE 
ARMY FLIGHT SAFETY & HELICOPTER CRASH 
TESTING PROGRAM 
AIRFRAME PROGRAM 
Figure 1.- History of a i rc raf t  c rash  dynamics research. 
674-2505 
Figure 2.- Langley Impact Dynamics Research Facil i ty.  
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UMBILICAL 
POSITION FOR 60 mph , 
MOVABLE  BRIDGE 
/ 
/ ( P U L L B A C K  CABLE 
15' 30' 45' 
Figure 3.-  Ful l - sca l e  c ra sh  t e s t  method. 
Exter ior  view a t  impact   Inter ior  view - postcrash 
Figure 4.- Typical  general  aviat ion crash tes t .  
L- 84-29 
24 
( a )  P r i o r  t o  impact. 
(d) Time = 0.09 sec.  
. ." 
." 
.. -1 
( g )  Time = 0.24 sec. 
t 
(j) Time = 0.39 sec.  
(b) Time = -0.01 sec.  
!'T 
( e )  Time = 0.14 sec. 
( h )  Time = 0.29 sec .  
5 .. . 
. _  
(k) Time = 0.44 sec. 
. .- 
( c )  Time = 0.04 sec. 
(f) Time = 0.19 sec.  
i- 
" 
" . 
~~ 
(1) Time = 0.49 sec.  
L-75-8921 
Figure 5.- Photographic sequence of t y p i c a l  g e n e r a l  a v i a t i o n  c r a s h  t e s t .  
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50 r ,-APPROXIMATION NORMAL 
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0 - 
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25 - 
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0 -  
- 
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0 .08 .16  .24 .32 
TIME, sec 
Figure 6.- Sp ica1  time h i s t o r i e s  of normal  and longi tudinal  decelerat ions 
of a g e n e r a l  a v i a t i o n  a i r c r a f t .  
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-20 
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-30 
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DECELERATION, 0 
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( a  1 Transport  a i rplane.  
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(b) Fighter  a i rp lane .  
Figure 7.- Typical time h i s t o r i e s  of normal  and longi tudinal  decelerat ions of 
t r anspor t  and  f igh te r  a i rp l anes .  
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Figure 8.- Correlat ion of  crash data  w i t h  f l i gh t  pa rame te r s  a t  impac t  i n  a i rp l ane  
normal ax i s  d i r ec t ion .  
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Figure 10. - Velocity change during slide-out versus sl ide-out distance.  
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Figure 12.- Dynamic Response Index ( D R I )  model. 
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Figure 17.- Load-l imit ing airplane subfloor  concepts .  
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Figure 18.- Summary of unmodified and load-limiting subfloor responses.  
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Figure 21.- Analytical  and experimental  impact r e s u l t s  f o r  c o r r u g a t e d  beams with 
notched  corners  subf  loor. 
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Figure 22.- Analyt ical  and experimental  impact r e s u l t s  for  
notched corners subfloor.  
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Figure 30.- Emergency Locator Transmitter (ELT) t e s t  apparatus. 
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Figure 32.- Input  and response frequency domains for  ELT's. 
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